ABSTRACT Fast-growing broilers are especially susceptible to bone abnormalities, causing major problems for broiler producers. The cortical bones of fast-growing broilers are highly porous, which may lead to leg deformities. Leg problems were investigated in 6-wk-old Arkansas randombred broilers. Body weight was mea
INTRODUCTION
It is evident that there is a high incidence of leg problems observed among modern high-yield broilers (Bessi, 2006) . The modern high-yield broiler chicken has been selected very successfully to reduce the time taken to reach target BW and feed efficiency. However, there have been several indirect consequences of the selection programs. There is evidence of adverse effects on the skeletal system in broilers caused by the fast growth to a given age (Wise, 1970 (Wise, , 1975 Pierson and Hester, 1982; Sørensen, 1992; Hester, 1994; Lilburn, 1994; Thorp and Waddington, 1997) . Cortical bones of fastgrowing (FG) broilers are highly porous, which may easily lead to bone deformities (Thorp and Waddington, 1997) . Acute and chronic pain and mortality resulting from osteoporotic fractures pose serious animal welfare concerns (Danbury et al., 2000) and increase economic loss (Cook, 2000) by increased mortality resulting from skeletal diseases (Sullivan, 1994; Thorp, 1994) .
Bone mineralization has been studied with respect to process as well as chemical and physical structure because mineralization of the bone matrix is highly important. Mineralization affects bone strength, which enables the skeleton to withstand gravity and additional loading. Bone strength is determined not only by the volume of bone tissue and the microarchitectural organization but also by the degree of mineralization of the bone matrix (Boivin and Meunier, 2002) . From the observation of bone formation, it has been concluded that once osteoblasts that are derived from primitive mesenchymal cells in bone marrow via osteoprogenitor cells (Owen and Ashton, 1986; Beresford, 1989) form the extracellular matrix of bone, various steps are followed in sured at hatch and at 6 wk. There were 8 different settings of approximately 450 eggs each. Two subpopulations, slow-growing (SG; bottom quarter, n = 511) and fast-growing (FG; top quarter, n = 545), were created from a randombred population based on their growth rate from hatch until 6 wk of age. At 6 wk of age, the broilers were processed and chilled at 4°C overnight before deboning. Shank (78.27 ± 8.06 g), drum stick (190.92 ± 16.91 g), and thigh weights (233.88 ± 22.66 g) of FG broilers were higher than those of SG broilers (54.39 ± 6.86, 135.39 ± 15.45, and 168.50 ± 21 .13 g, respectivly; P < 0.001). Tibia weights (15.36 ± 2.28 g) of FG broilers were also greater than those of SG broilers (11.23 ± 1.81 g; P < 0.001). Shank length (81.50 ± 4.71 g) and tibia length (104.34 ± 4.45 mm) of FG broilers were longer than those of SG broilers (71.88 ± 4.66 and 95.98 ± 4.85 mm, respectively; P < 0.001). Shank diameter (11.59 ± 1.60 mm) and tibia diameter (8.20 ± 0.62 mm) of FG broilers were wider than those of SG broilers (9.45 ± 1.74, 6.82 ± 0.58 mm, respectively; P < 0.001). Tibia breaking strength (28.42 ± 6.37 kg) of FG broilers was higher than those of SG broiler tibia (21.81 ± 5.89 kg; P < 0.001). Tibia density and bone mineral content (0.13 ± 0.01 g/cm 2 and 1.29 ± 0.23 g, respectively) of FG broilers were higher than those of SG broiler tibia (0.11 ± 0.01 g/cm 2 and 0.79 ± 0.1 g; P < 0.001). Tibia percentage of ash content (39.76 ± 2.81) of FG broilers was lower than that of SG broilers (39.99 ± 2.67; P = 0.173). Fast-growing broiler bones were longer, wider, heavier, stronger, more dense, and contained more ash than SG ones. After all parameters were calculated per unit of final BW at 6 wk, tibia density and bone ash percentage of FG broilers were lower than those of SG broilers.
order to develop fully mineralized bone. Well over 90% of a bird's Ca is found in the bones, where it combines with P to form calcium-phosphate crystals (or hydroxyapatite) with the molecular formula Ca 10 (PO 4 ) 6 (OH) 2 (Scott et al., 1982) . Osteocytes catabolize bone matrix, and osteoclasts resorb bone tissue (Baron, 2008) .
Bone measurements, such as bone breaking strength (Merkley, 1981; Ruff and Hughes, 1985; Park et al., 2003; Kim et al., 2006) , bone density (Watkins and Southern, 1992; Onyango et al., 2003; Kim et al., 2006) , bone mineral content (Akpe et al., 1987; Onyango et al., 2003; Kim et al., 2006) , and bone ash (Garlich et al., 1982; Cheng and Coon, 1990; Park et al., 2003; Shim et al., 2008) , have been used as indicators of bone status in the mineral nutrition of poultry.
Bone density, which is the weight of mineral per volume of the bone (g/cm 2 ), is determined by 2 factors: how many mineral atoms are deposited within the bone matrix and how porous the matrix is (Lian et al., 2004) . Since these 2 factors are highly related to bone strength, the bone density can indirectly be used to determine bone strength. This method, however, cannot be used to measure bone density in living beings. In humans, bone density can be measured using a technique called dual-energy X-ray absorptiometry (DXA) to predict osteoporosis without taking samples (Koo, 2000; Bolotin, 2007) . It has been shown that DXA measurement of total body bone mineral content was similar among crosses of the broilers (Talaty et al., 2009a (Talaty et al., ,b, 2010 .
Bone ash is a critical measurement of how mineralized the bone is. Chicks with bone disorders usually have a lower percentage of bone ash than healthy ones. The amount of ash (inorganic material) present in bone is proportional to its degree of hardness or compression strength (Bonser and Casinos, 2003) ; the organic component of bone is important in providing tensile strength and flexibility (Velleman, 2000) It is the balance between these 2 components of bone that contribute to its breaking strength (Rath et al., 1999) . It has been suggested that the relatively low bone mineral content seen in some intensively selected broiler genotypes (Venäläinen et al., 2006 ) is because current diets are not formulated to meet the increased mineral requirements of these FG genotypes (Thorp and Waddington, 1997; Williams et al., 2000) .
Because earlier studies on growth rate and bone quality were from different strains over a period of years and even decades, there is no direct, conclusive, data that bone strength and growth rate are related (Williams et al., 2004) . Our objective was to study leg morphology, tibia breaking strength, tibia density, tibia mineral content, and tibia ash in 2 subpopulations of the same strain that differ markedly in growth rate.
MATERIALS AND METHODS
The Arkansas randombred chicken population, which is a random-mating broiler control line, was used in this study. Chicks were hatched 8 times and placed without gender separation into 119 × 300 cm pens with littercovered floors (~50 chicks/pen). At 4 wk, chicks were place into individual wire-floored cages (width = 20.32 cm; length = 60.96 cm; height = 30.48 cm) and provided with water and diets for ad libitum consumption. Mash starter diets contained 225 g/kg of protein, 52.8 g/kg of fat, 25.3 g/kg of fiber, 3,080 kcal of ME/kg (12.90 MJ of ME/kg), 9.5 g/kg of Ca, and 7.2 g/kg of total P (4.5 g/ kg of available P) until 18 d of age. Thereafter, pelleted grower diets contained 205 g/kg of protein, 57.6 g/kg of fat, 25.0 g/kg of fiber, 3,150 kcal of ME/kg (13.20 MJ of ME/kg), 9.0 g/kg of Ca, and 6.7 g/kg of total P (4.1 g/kg of available P). The birds were kept on a 20L:4D lighting regimen. The BW was measured at hatch and at 6 wk. Two subpopulations, slow-growing (SG) and FG, were created based on their growth rate from hatch until 6 wk of age. There were 511 and 545 individuals in the SG and FG populations, respectively. The growth rates averaged 230.6 g/wk and 318.4 g/wk for the SG and FG populations, respectively. At 6 wk, BW was 1.4 kg and 1.9k g for the SG and FG populations, respectively. Birds were handled according to the University of Georgia Animal Use and Care Guidelines. On d 42, birds were slaughtered after 2 to 4 h of feed and water withdrawal. Chickens were randomly crated and transported to the processing room where each was weighed, killed by exsanguination, and then scalded, defeathered, and eviscerated. Carcasses were weighed and chilled on ice in a walk-in cooler at 5°C overnight. The following day, carcasses were suspended on cones, and both femurs were dislocated to remove the thighs from the frame. For the detailed meat-yield assessment, parts were weighed and analyzed as actual and per unit of BW for this trial: both thighs (skin, meat and bone), both drum sticks (skin, meat and bone), and both shanks (skin and bone). Only right tibia was measured for tibia weight, length, diameter, and breaking strength. Only left tibia was measured for tibia mineral density, content, and ash.
Bone Strength: Breaking Bones
The meat was removed before bone-breaking strength analyses of the right tibiae. Bone-breaking strength was measured using an Instron Materials tester (model 5500, Instron Corp., Canton, MA) with Automated Materials Test System software version 4.2. The weights, diameters, and lengths of right tibiae were measured. Tibia diameters were measured at the narrowest and widest points, and then averaged. The deformation rate was 5 mm/min. Tracing of force was recorded at a constant rate. The graphs showed plateau curves of maximal force (kg) reached to measure of the energy stored in the bone.
Bone Density and Bone Mineral Content
After the left tibia was thawed and muscle tissue was removed, bone mineral content, bone density, and geo-metric parameters of the harvested tibia were measured by DXA. Dual-energy x-ray absorptiometry scans were performed on each tibia using a Lunar Prodigy densitometer (GE Medical Systems, Waukesha, WI) operating in the small animal mode. Bone density measurement by DXA is based on projection bone density and is reported as grams per squared centimeters.
Bone Ash
After measuring bone density and bone mineral content, the left tibia of each bird was collected for percentage of tibia ash determination on a fat-free dryweight basis, according to AOAC International (2005; method 932.16).
Statistical Analysis
An ANOVA was performed on all data for the experiment using the GLM procedure of SAS (SAS Institute, 2006) appropriate for a one-way design. The one-way ANOVA model was
where Y ij was the dependent variable, μ was the overall mean, Trt i was the treatment effect as the subpopulation (i = SG or FG), and e ij was the observational error for (ij)th observation. There was no hatch-by-subpopulation interaction. To describe the influence of BW on each processed trait of the overall population and 2 separate growth rate subpopulations, the data were fitted to the forms of the following model:
where Y i was each processed trait, β 0 was the intercept, β 1 was the slope of the regression line, x i was the BW, and e i was the random error.
RESULTS
The SG broilers had lower amounts (weights, lengths, and diameter) of shank (g, mm), drum stick (g), thigh (g), and tibia (g, mm) than the FG broilers (Table 1) . The SG broilers had lower amounts of tibia breaking strength (kg), tibia mineral density (g/cm 2 ), and tibia mineral content (g), but there was no difference in tibia ash content (%). Overall there were positive relationships between traits and BW, except for percentage of tibia ash (Table 2) , with R 2 values ranging from 0.061 to 0.824. The slopes of shank weight, tibia length, and tibia mineral content were unequal (P < 0.05). When expressed on a per unit of BW basis, there were some negative relationships between traits and BW (Table  2) , with R 2 values ranging from 0.002 to 0.882. The most slopes of each trait per unit of BW were unequal (P < 0.05). When expressed on a per unit of BW basis, SG broilers had higher amounts of shank length and diameter and also tibia length and diameter than the FG broilers, but there were no differences in weights of tibia (Table 1) . When expressed on a per unit of BW basis, SG broilers had significantly higher amounts of tibia breaking strength, tibia density, and tibia ash content, but SG broilers had significantly lower tibia mineral contents. There was a higher correlation between percentage of tibia ash expressed on a per unit of BW Slopes effect between SG and FG is significant, and then this indicates that the slopes are unequal.
basis and BW than between actual percentage of tibia ash and BW (R 2 = 0.061 to 0.865; Table 2 ).
DISCUSSION
Results from this study clearly show the relationship between bone quality and growth in broilers. Selection for growth over the past 50 yr has resulted in an increase in rate of growth and absolute values of tibia weight, length, density, mineral composition, ash content, and breaking strength. However, when the shank and tibia are considered in terms of the load they need to support, i. e., expressing the absolute values in terms of unit of BW, the bone quality of the SG population was better than the FG population. The tibia breaking strength, tibia ash, and tibia density were higher in the SG population than in the FG population.
These tibia breaking strength, tibia density, and tibia ash per unit of BW results are similar to those of Newman and Leeson (1999) , who also concluded that bone breaking strength of tibiae may indicate the influence of genetic selection on the biomechanical indicators of bones. It is generally accepted that leg strength is lower in modern high-yield broilers than in unselected broilers (Pierson and Hester, 1982; Sørensen, 1992; Hester, 1994; Lilburn, 1994) . Since the 1970s, questions have been raised about the bone quality of broilers (Wise, 1970; Kestin et al., 1999; Yalçin et al., 2001) . Bone breaking strength was greater in an SG experimental cross than in a commercial FG broiler (Leterrier and Nys, 1992) . The bones of the FG broilers were more porous, with a lower mineral content, than the bones of the SG broilers, which were considered to be of poor quality. Bones of FG broilers would have a lower effective bone breaking strength based on lower bone density (Williams et al., 2000) compared with their SG counterparts. In contrast, McDevitt et al. (2006) insisted tibiae from selected high-yield broilers were twice as strong as those of unselected chickens at the same age and were equally strong at the same body mass. They also concluded that selected broilers had heavier tibiae with more than twice as much ash and organic matter per unit length of bone than did unselected broilers at the same age. In general, FG birds have higher absolute values of tibia and shank morphology. However, when considered in terms of the load (BW) these birds have to carry, it is abundantly clear that FG birds have a higher risk of bone breakage than SG birds.
The broiler breeding industry has thought in the recent past to set a balance between rapid growth and skeletal development by incorporating skeletal integrity in its selection programs (Sørensen, 1992; Williams et al., 2000) . One of the difficulties of this approach is that the causes of skeletal disorders are varied and include genetics, nutrition, and management systems (Kestin et al., 1992; Thorp, 1994; Williams et al., 2000) and the interactions between these factors. Skeletal structure carrying more muscle weight than it can bear would lead to weakened and unhealthy legs. A study by Kestin et al. (1992) showed that unselected broilers had better leg health than 4 commercial broiler strains based on gait scores. Selection for fast growth may not be the only cause for increased incidence of poor bone quality. In caged hens where the opportunity for movement and load-bearing exercises are limited, birds are particularly vulnerable to osteoporosis, lower tibia and femur mineral density, bone mass, cortical area and mass, and bone breaking strength compared with their counterparts raised in modified cages with a nest box and perches (Jendral et al., 2008) .
Rapidly growing chickens may not want to walk or exercise. Broilers spend about 76% of their time lying down, which increases with age. Walking declines with age, with broilers spending about 3.3% of their time walking as they approach market age (Weeks et al., 2000) . Besides, both populations were raised together in the current study, thus making the only plausible reason for the differences in leg quality genetic. Leg abnormalities are the major single cause of economic losses in the chicken house. Approximately, 2 to 6% of all broilers display signs of skeletal problems (Day, 1990) . Leg abnormalities result in culling, mortality, reduced feed efficiency and growth, and down-grading in the processing plant. In the United States alone, economic losses due to skeletal problems are estimated at $80 to 120 million in broilers (Sullivan, 1994) . Leg maladies are not only an economic concern, but also welfare is a concern. Birds suffering from leg abnormalities have limited locomotion and reduced welfare. Talaty et al. (2009a Talaty et al. ( ,b, 2010 investigated the problem of skeleton mineralization, especially bone mineral density and bone mineral content, and concluded that bone mineralization was similar among crosses of broilers. However, they did not compare SG and FG subpopulations of a single broiler line. Rapid weight gains have been suggested as a cause of lower bone mineralization of FG broilers. In a different study, feed restricting a FG line of commercial broilers improved mineralization and porosity to the level observed in the tibia of the SG broilers, strongly suggesting that growth rate and not genotype was the main contributor to poorer bone quality in another line (Williams et al., 2004) .
This study confirms the hypothesis that bone health, as evidenced by tibia breaking strength per unit of BW, is negatively associated with growth rate. This relationship was earlier suspected from retrospective evidence. There needs to be a proper balance between breeding for increased growth and for leg strength.
